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The amyloidoses are a large group of protein misfolding diseases.
Genetic and biochemical evidence support the hypothesis that
amyloid formation from wild-type or 1 of 80 sequence variants of
transthyretin causes the human amyloid diseases senile systemic
amyloidosis or familial amyloid polyneuropathy, respectively. The
late onset and variable penetrance of these diseases has led to their
designation as multigenic—implying that the expression levels and
alleles of multiple gene products influence the course of pathol-
ogy. Here we show that the binding stoichiometry of three inter-
acting molecules, retinol-binding protein, vitamin A, and L-thyrox-
ine, notably influenced transthyretin amyloidogenicity in vitro.
At least 70 genes control retinol-binding protein, vitamin A,
and L-thyroxine levels in plasma and have the potential to modu-
late the course of senile systemic amyloidosis or familial amyloid
polyneuropathy.

myloid diseases, representative of numerous misfolding

disorders, affect a significant fraction of the elderly popu-
lation. The amyloid hypothesis states that the process of amyloid
fibril formation, involving cross-pB-sheet intermediates, is re-
sponsible for the disease pathology (1, 2). Although genetic and
biochemical evidence for the amyloid hypothesis is strong (3-5),
it has not been unambiguously proven. Nonetheless, a significant
amount of research has been performed to understand and
inhibit amyloid formation with the expectation of treating these
diseases.

The variability in human amyloid disease pathology suggests
that many factors, including multiple genetic loci, combine to
affect the initiation of amyloid deposition (6). Evidence for the
influence of multiple genes includes the incomplete penetrance
and variable phenotypes of some familial amyloid disease mu-
tations (7-9). The late and variable age of onset for senile forms
of amyloid diseases also suggests that multiple genetic factors,
and possibly environmental factors, are involved. A clear exam-
ple of the multigenic nature of amyloid diseases is the role that
apolipoprotein E (apoE) alleles play in the onset of Alzheimer’s
disease. Patients with apoE4 alleles are at higher risk to devel-
op the senile form of the disease, for reasons that remain un-
clear (6).

Here we examined the amyloidogenicity of transthyretin
(TTR) to determine whether genes modulating the concentra-
tion of interacting molecules could play a role in TTR amyloid
formation in vitro and consequently influence disease course.
TTR amyloidogenesis of the wild-type protein putatively causes
senile systemic amyloidosis, whereas amyloid formation from
any of 80 different point mutations is linked to familial amyloid
polyneuropathy (FAP; refs. 3 and 10). L55P TTR is the most
pathogenic of the FAP-associated mutants, with the earliest age
of onset.

TTR is a 55-kDa homotetrameric plasma protein known to be
the primary carrier for L-thyroxine (T4) in cerebrospinal fluid
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and the secondary carrier for T4 in plasma (11). Thyroxine-
binding globulin carries the majority of T4 in plasma; hence, its
expression levels affect the extent of T4 binding to TTR. TTR
is the primary indirect carrier of vitamin A (all-trans-retinol)
through its interaction with retinol-binding protein (RBP; ref.
12). RBP is a 21-kDa monomer that circulates in plasma bound
to retinol and tetrameric TTR (13); the interaction with TTR
prevents glomerular filtration of RBP by the kidneys. When not
bound to retinol, RBP has a significantly lower affinity for TTR;
thus, the TTR-apoRBP complex does not form at physiological
concentrations (12, 14). Genes influencing the exact composi-
tion of the TTR4holoRBP,,—¢_»-thyroxinen,—o_» complex provide
a starting point to investigate the multigenic hypothesis of TTR
amyloid disease.

Previous work has shown that binding of T4 dramatically
stabilizes the TTR tetramer and consequently inhibits amyloid
formation (15). Two equivalents of T4 can bind in the central
cavity of the TTR tetramer; each T4 molecule makes contacts
with two monomers of TTR (16, 17). Typically, only 10-15% of
this capacity is used in vivo, thus moderate changes in T4
availability would alter the exact stoichiometry of TTR and T4
and influence TTR amyloidogenicity.

Tetrameric TTR presents four symmetry-related RBP-all-
trans-retinol complex (holoRBP) binding sites (18); however,
only two are concurrently accessible as a result of overlapping
footprints, with less than one equivalent of holoRBP bound
per TTR tetramer in plasma. Crystal structures of the
TTR-(holoRBP), complex show that each holoRBP monomer
makes contacts with three of the four TTR subunits, across both
dimer interfaces (Fig. 1). The holoRBP binding sites on TTR are
positioned orthogonal to the nonoverlapping T4 binding sites
(19, 20), allowing formation of a complex composed of up to 10
molecules.

Because holoRBP makes contacts with three subunits of TTR
(19, 20), we predicted that formation of the TTR-holoRBP
complex would reduce amyloid formation through TTR tet-
ramer stabilization. Typically, only one-half equivalent of ho-
1o0RBP is bound to TTR in plasma, leaving open the possibility
that increased holoRBP secretion could suppress amyloid for-
mation whereas abnormally low expression could enhance TTR
amyloidogenicity. To date, all in vitro studies of TTR amyloi-
dogenicity have been conducted in the absence of RBP. The
affinity between holoRBP and TTR is highest at neutral pH,
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Fig. 1. Image of human TTR-holoRBP; complex. TTR is shown in blue, RBP in
red, and retinol in yellow. Coordinates are from the Research Collaboratory
for Structural Bioinformatics protein data bank, ID code 1QAB, and the figure
is produced by using insiGHT II. Two equiv of T4, not present in this structure,
would bind in the central cavity of TTR shown in the center of the image.

decreasing under both acidic and alkaline conditions (13, 21);
however, over the pH range that facilitates TTR amyloid fibril
formation, the binding constant is still 80-90% of the value
measured at neutral pH (Kq = 160-200 nM) (13, 21). In
principle, T4 and RBP should function in concert because the
binding of T4 to TTR at neutral pH is not affected by the
presence of bound holoRBP (21). We demonstrated that the
binding stoichiometry of three interacting molecules, RBP,
vitamin A, and T4, markedly influenced TTR amyloidogenicity
in vitro.

Materials and Methods

Protein Preparation of holoRBP and TTR. HoloRBP was prepared as
described (22) with a few modifications. After addition of
all-frans-retinol to the refolding reaction, the protein was kept
isolated from light to minimize oxidation of retinol. Only 1 liter
of induced Escherichia coli was processed at a time to work more
quickly and reduce degradation from proteases during purifica-
tion. To increase purity, holoRBP was chromatographed on a
Superdex75 (Amersham Pharmacia Biotech) gel filtration col-
umn before use in experiments.

Wild-type and L55P TTR were prepared as described (23)
with a few modifications to enhance expression levels and purity.
The starter culture was grown until cell growth was visible before
inoculating 15 ml into 1.5 liters of LB media with 100 ug/ml of
ampicillin in 2.8-liter Fernbach flasks. Cells were grown at 37°C
with vigorous shaking until an ODggp of 1.0-1.2 a.u. was reached,
at which point they were induced with 1 mM isopropyl B-D-
thiogalactoside (IPTG) and grown overnight at 37°C with vig-
orous shaking. In the purification, the resuspended ammonium
sulfate pellet was desalted by dialysis vs. 25 mM Tris (pH 8.0)
rather than using a desalting column, and the heating step was
eliminated from the purification. To increase purity and remove
soluble aggregates, TTR was chromatographed on a Superdex75
gel filtration column before use in experiments.

Isothermal Titration Calorimetry of HoloRBP and TTR. A filtered
solution of holoRBP (980 uM) was titrated into 1.3407 ml of
wild-type TTR (50 uM)* at 20°C by using a Microcal MCS
Isothermal Titration Calorimeter (Northampton, MA). Both
solutions were dialyzed vs. 10 mM sodium phosphate/100 mM
KCl/1 mM EDTA (pH 7.6) to ensure an accurate buffer match.
An initial injection of 2 ul was followed by 25 injections of 10 ul
with a 4-min equilibration period between injections. Six inde-
pendent titrations were performed as well as one control of
holoRBP titrated into buffer to obtain the heat of holoRBP
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dilution. Integration of the thermogram and subtraction of a line
fit to the control data yielded a binding isotherm that was fit to
a model of one set of sites by using the variables K,, AH, and the
number of sites # with the isothermal titration calorimetry (ITC)
data analysis module in ORIGIN 5.0 (Microcal Software). Models
of two sets of sites or subsequent binding events did not fit the
data as well, as determined by x* analysis.

Analysis of the Sedimentation Velocity Profiles of HoloRBP and TTR.
Solutions of wild-type or L55P TTR (14.4 uM)* were incubated
with holoRBP (14.4 uM) for 2 h at 37°C in 10 mM sodium
phosphate/100 mM KCI/1 mM EDTA (pH 7.6) and diluted to
7.2 uM with the same buffer. Solutions of wild-type TTR (14.4
wM)* were incubated with holoRBP (14.4 uM) for 1 h at 37°C
in 10 mM sodium phosphate/100 mM KCI/1 mM EDTA (pH
7.6); the pH was lowered to 5.5, 5.0, or 4.4 with an equal volume
of 200 mM sodium acetate/100 mM KCI/1 mM EDTA (pH 5.3,
4.8, or 4.2, respectively).

Sedimentation velocity profiles were obtained on a tempera-
ture-controlled Beckman Coulter XL-I analytical ultracentri-
fuge equipped with an An50Ti rotor and a photoelectric scanner.
A standard double-sector cell, equipped with a 12-mm Epon
centerpiece and quartz windows, was loaded with 400-420 ul of
sample by using a blunt-end microsyringe. Data at 330 nm were
collected at rotor speeds of 3,000 rpm initially and 50,000 rpm
in a continuous mode at 20°C, with a step size of 0.003 cm.

A time derivative method was applied to interpret the sedi-
mentation velocity data. The program DCDT+ was used in which
multiple data sets (concentration vs. radial position) taken at
various times during the experiment were used to calculate the
time derivative (24), which was used to determine the sedimen-
tation coefficient distribution function g(s*). By fitting Gaussian
functions to the g(s*) distribution, the sedimentation and dif-
fusion coefficients, and therefore molecular weights, were
determined.

The data were fit to one, two, or three noninteracting species.
Because the proteins did not absorb at 330 nm, the only species
observed were those that contained retinol. For wild-type TTR
at all pH values, the best fit was with TTR-holoRBP as the major
species and with TTR-holoRBP, and holoRBP monomer as
minor species. For L55P TTR at pH 7.6, the best fit was with
TTR-holoRBP as the major species and with TTR-holoRBP; as
the minor species.

In Vitro Fibril Formation Assay. The fibril formation assays were
adapted from previous work (15, 25, 26). Wild-type and L55P
TTR fibril formation was investigated at the pH of maximum
fibril formation, 4.4 and 5.0, respectively. Although holoRBP
had a small pH-dependent increase in turbidity as a result of
precipitation, we minimized this complication by performing
assays at the pH maximum of TTR fibril formation.

The first set of experiments focused on the concentration-
dependent effect of holoRBP on TTR fibril formation. Wild-
type or L55P TTR (7.2 wM)# solutions were prepared with and
without holoRBP (3.6, 7.2, or 14.4 uM) in 10 mM sodium
phosphate/100 mM KCI/1 mM EDTA (pH 7.6) and incubated
at 37°C for 2 h. The pH was lowered to 4.4 or 5.0 for wild-type
and L55P TTR, respectively, with 495 ul of 200 mM sodium
acetate/100 mM KCl/1 mM EDTA (pH 4.2 or 4.8, respectively).
These samples, with a final TTR concentration of 3.6 uM#*, were
incubated for 72 h at 37°C.

The second set of experiments examined the effect of ho-
lIoRBP on the kinetics of TTR fibril formation. Wild-type or
L55P TTR (7.2 uM)* solutions were prepared with and without

*The molar concentration for TTR is given for the tetrameric form. The concentration of the
equivalent subunits is 4 times the given concentration.
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holoRBP (14.4 puM) in 10 mM sodium phosphate/100 mM
KCl/1 mM EDTA (pH 7.6) and incubated at 37°C for 2 h. The
pH was lowered to 4.4 or 5.0 for wild-type and L55P TTR,
respectively, with 495 ul of 200 mM sodium acetate/100 mM
KCl/1 mM EDTA (pH 4.2 or 4.8, respectively). These samples,
with a final TTR concentration of 3.6 uM¥, were incubated at
37°C for 15, 24, 39, 48, 63, 72, 96, or 120 h.

The third set of experiments examined the effect of holoRBP
on small molecule inhibition of TTR fibril formation. Solutions
of wild-type or L55P TTR (7.2 uM)* with and without holoRBP
(7.2 uM) were prepared in 10 mM sodium phosphate/100 mM
KCl/1 mM EDTA (pH 7.6) and incubated at 37°C for 2 h.
Aliquots (500 ul) of these mixtures were incubated in triplicate
with 5 ul of T4, flufenamic acid, or diclofenac in DMSO (360,
720, or 1440 uM) or 5 pul of DMSO without any inhibitor for 1 h
at 37°C. The pH was lowered to 4.4 or 5.0 for wild-type and L55P
TTR, respectively, with 495 ul of 200 mM sodium acetate/100
mM KCI/1 mM EDTA (pH 4.2 or 4.8, respectively). These
samples, with a final TTR concentration of 3.6 puM*, were
incubated for 72 h at 37°C.

To measure the amount of fibrils formed, samples were
vortexed for 5 sec to resuspend the precipitate, and the turbidity
at 400 nm was measured by using a Hewlett—-Packard UV
spectrometer. The amount of amyloid formed was also quanti-
fied by the amount of Congo red bound (26). Of each vortexed
suspension, 50 ul was added to 1150 ul of 10 uM Congo red in
5 mM sodium phosphate/150 mM NaCl (pH 7.5). The absor-
bance was measured at 477 and 540 nm, and the amount of
Congo red bound to amyloid fibrils was calculated to determine
the quantity of fibrils in the suspension: moles of Congo red
bound per liter of amyloid suspension = Assg nm/25295 — As77
nm/46306. For the endpoint studies, turbidity caused by holoRBP
precipitation was subtracted, and values were normalized to the
values obtained for TTR alone after 72 h.

Results

HoloRBP Binds TTR at both Neutral and Low pH. Previous experi-
ments evaluating the TTR-holoRBP binding constant and stoi-
chiometry used holoRBP isolated from human plasma. We
performed ITC experiments to confirm that recombinant ho-
loRBP exhibited similar affinity for TTR. Each of six ITC runs
with wild-type TTR and holoRBP were individually fit to
calculate K,, AH, and the number of sites n (Fig. 2, Kq was
determined as the inverse of K,). Averaging the results from six
runs yielded a K4 of 294 = 165 nM (AG = —8.837 = 0.337
kcal/mol), AH = —0.884 = 0.191 kcal/mol, and n = 2.110 =
0.048. The dissociation constant measured by ITC was in the
middle of the broad literature range (Kq = 70-700 nM) derived
from various methods (12, 14, 21, 27-30) for plasma holoRBP.

We also demonstrated binding of holoRBP to TTR at low pH
where holoRBP inhibition of TTR fibril formation was evalu-
ated. ITC experiments were not possible at low pH, however,
because TTR fibril formation occurred rapidly at the concen-
tration required for ITC measurements (50 uM TTR)%, imped-
ing data collection. To evaluate binding at low pH, we used
analytical ultracentrifugation (AUC) studies at the high end of
the physiological TTR concentration range. Sedimentation ve-
locity studies on the TTR-holoRBP mixture (7.2 uM)* were
performed with wild-type TTR at pH 7.6, 5.5, 5.0, and 4.4.
Absorbance was measured at 330 nm, where only species con-
taining retinol were observed. The best fit to the data included
three species: TTR:holoRBP, TTR:holoRBP,, and holoRBP
monomer (Fig. 3). Only a modest decrease was observed in the
mole fraction of the TTR-holoRBP complexes at low pH relative
to neutral pH (Table 1), agreeing with earlier studies using
holoRBP isolated from plasma (13, 21). Because more than half
of the RBP was complexed to TTR, we determined that the K4
was lower than 7.2 uM over the pH range of 4.4-7.6.
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Fig. 2. Isothermal calorimetry data for holoRBP (980 uM) titrated into
wild-type TTR (50 ©M)*. The isotherm was fit to a model of equivalent sites by
using the variables K5, AH, and n (Kq is determined as the inverse of K3). Values
from 6 titrations were averaged to yield Ky = 294 = 165 nM (AG = —8.837 =
0.337 kcal/mol), AH = —0.884 + 0.191 kcal/mol, and the number of sites n =
2.110 = 0.048.

We also confirmed that L55P TTR binds holoRBP at pH 7.6
(Table 1), comparable to the wild-type TTR-holoRBP interac-
tion. The best fit included two species, TTR-holoRBP and
TTR-holoRBP,, yielding a K4 lower than 7.2 uM. Low pH
experiments with L55P TTR and holoRBP were not practical
because measurements of absorbance at 330 nm were compro-
mised by the rapid increase in TTR turbidity.

HoloRBP Inhibits TTR Fibril Formation. The wild-type and L55P TTR
(3.6 uM)* amyloidogenicity as a function of added holoRBP (0,
1.8, 3.6, or 7.2 uM) was evaluated under acidic conditions by
turbidity and Congo red binding (Fig. 4). Wild-type and L55P
TTR amyloid fibril formation was reduced in the presence of
holoRBP in a concentration-dependent manner to very similar
extents. When two equivalents of holoRBP were added, fibril
formation was reduced ~50%. This concentration-dependent
reduction of amyloidogenicity clearly demonstrated that bound
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Fig.3. Sedimentation velocity data for wild-type TTR (7.2 uM)* and holoRBP
(7.2 uM) at pH 7.6. The data were fit to a three-species model of TTR-holoRBP,
TTR-holoRBP;, and holoRBP monomer. More than 80% of holoRBP was com-
plexed at pH 7.6, yielding a Kq lower than 7.2 uM.
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Table 1. Sedimentation velocity experiments (monitored at 330 nm) evaluating binding of
wild-type (WT) or L55P TTR (7.2 uM)* to holoRBP (7.2 uM)

Sample description

TTR-holoRBP, complex

MW = 97 kDa

TTR-holoRBP complex
MW = 76 kDa

HoloRBP monomer
MW = 21 kDa

WT TTR and holoRBP (pH 4.4)
WT TTR and holoRBP (pH 5.0)
WT TTR and holoRBP (pH 5.5)
WT TTR and holoRBP (pH 7.6)

L55P TTR and holoRBP (pH 7.6)

Mole fraction = 0.19
SC = 6.060 = 0.076 S
Mole fraction = 0.23
SC =6.122 = 0.057 S
Mole fraction = 0.30
SC =5.700 + 0.053 S
Mole fraction = 0.25
SC =6.007 = 0.053S
Mole fraction = 0.28
SC =6.288 = 0.044 S

Mole fraction = 0.54
SC=4.492 +0.039S
Mole fraction = 0.68
SC =4.458 + 0.043 S
Mole fraction = 0.62
SC=4.318-0.040S
Mole fraction = 0.57
SC =4.562 + 0.044 S
Mole fraction = 0.72
SC=4.592 +0.026 S

Mole fraction = 0.27
SC = 2935+ 0.081S
Mole fraction = 0.09
SC=2.249 = 0.360 S
Mole fraction = 0.08
SC=2.539+0.446S
Mole fraction = 0.18
SC =2.609 + 0.230 S
Not included in fit

Binding of wild-type TTR to holoRBP was studied at pH 4.4, 5.0, 5.5, and 7.6. Binding of L55P TTR to holoRBP
was studied at pH 7.6. The time-dependent concentration vs. radial distance data were fit to a three-species model
of TTR-holoRBP, TTR-holoRBP,, and holoRBP monomer (described in Materials and Methods and shown in Fig. 3).
The relative mole fractions and sedimentation coefficients (SC, in Svedberg units) were obtained from Gaussian
curves fit to the g(s*) sedimentation coefficient distribution by using the molecular weights (MW) of the three
species. More than half of the holoRBP was complexed to TTR, implying that the K4 was lower than 7.2 uM.

holoRBP reduced TTR fibril formation in vitro. Similar exper-
iments with BSA did not show an inhibitory effect (data not
shown). Because fibril formation is thought to occur in the acidic
environment of the lysosome during protein turnover, we expect
these results to be relevant in vivo.

HoloRBP Slows Rate of TTR Fibril Formation. We performed time
course studies to complement the single timepoint data de-
scribed previously. The rates of wild-type and L55P TTR fibril
formation were strikingly slower with holoRBP present (Fig. 5).
In the absence of holoRBP, wild-type and L55P TTR amyloid
fibril formation reached a maximum after 72 and 48 h, respec-
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Fig.4. Bargraph depicting the extent of wild-type (pH 4.4) (A) and L55P TTR
(pH 5.0) (B) fibril formation after 72 h. TTR (3.6 uM)* was incubated with
increasing concentrations of holoRBP (0, 1.8, 3.6, and 7.2 uM) from left to
right. Fibril formation was quantified by two techniques at each holoRBP
concentration: turbidity at 400 nm (white bars) and Congo red binding (black
bars). Values were normalized to fibril formation of TTR alone.
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tively (Fig. 5, diamonds). In the presence of holoRBP, wild-type
and L55P TTR required more than 100 h to reach a maximum
in fibril formation (Fig. 5, circles). The maximum fibril formation
was reduced by 15-25% for wild-type TTR (Fig. 54 and C) and
by 33-50% for L55P TTR (Fig. 5 B and D). The steady increase
throughout the time course was likely a result of dissociation of
holoRBP, allowing TTR to dissociate to monomer and form
fibrils.

HoloRBP Enhances T4 and Small Molecule Inhibitor Activity. Previous
work demonstrates that the affinity of T4 for TTR at neutral pH
is unaffected by bound holoRBP (21). Our goal was to evaluate
the effect of holoRBP, if any, on the ability of T4 and other small
molecules to bind tetrameric TTR and inhibit fibril formation
under slightly acidic conditions. The inhibitory effect of T4 was
investigated over a range of concentrations (1.8, 3.6, 7.2 uM) for
wild-type and L55P TTR fibril formation (3.6 uM)* with and
without holoRBP (3.6 uM) added. Congo red binding (Fig. 6)

wild-type TTR, pH 4.4 L55P TTR, pH 5.0
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Fig. 5. Time course of wild-type (pH 4.4) (A and C) and L55P TTR (pH 5.0) (B

and D) fibril formation. TTR (3.6 uM)* was incubated with holoRBP (7.2 uM).
Fibril formation was quantified by two techniques at each timepoint: turbidity
at 400 nm (A and B) and Congo red binding (C and D). Fibril formation from
TTR alone is shown by diamonds, fibril formation from the TTR-holoRBP
complex is shown by circles, and precipitation from holoRBP is shown by
squares.
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Fig.6. Bar graph depicting the extent of wild-type (pH 4.4) (A) and L55P TTR
(pH 5.0) (B) fibril formation after 72 h. TTR (3.6 uM)* alone (white bars) or with
equimolar holoRBP added (black bars) was incubated in the presence of three
small molecule fibril formation inhibitors (flu, flufenamic acid; dcf, diclofenac)
at three concentrations (1.8, 3.6, and 7.2 uM). Fibril formation was quantified
by using Congo red binding and normalized to fibril formation of TTR alone.

and turbidity (similar, data not shown) were used to quantify
amyloidogenicity. The combination of T4 and holoRBP was
more efficacious than either one alone with respect to inhibiting

L55P TTR amyloidogenicity (Fig. 6B). Although T4 decreased
the amyloidogenicity of the wild-type TTR-holoRBP complex
(Fig. 6A4), this reduction was not as pronounced as the inhibition
seen for wild-type TTR without holoRBP. The same trends
observed for T4 were also seen with the small molecules
flufenamic acid and diclofenac, known to inhibit TTR fibril
formation through stabilizing the TTR tetramer (31, 32).

Discussion

The binding of recombinant holoRBP to wild-type TTR at
neutral pH was indistinguishable from that of holoRBP isolated
from plasma, with a K4 of 294 = 165 nM determined by ITC (Fig.
2). Similar affinity under the acidic conditions used for fibril
formation was demonstrated by sedimentation velocity experi-
ments (Table 1), consistent with previous results obtained with
the plasma protein (13, 21). Retention of the binding interaction
between holoRBP and TTR under acidic conditions provides a
mechanism for holoRBP to affect TTR fibril formation.
HoloRBP inhibited both wild-type and L55P TTR fibril
formation in vitro in a concentration-dependent manner, with
~50% inhibition observed at a stoichiometry of two equivalents
of holoRBP bound per TTR tetramer (Fig. 4). HoloRBP binding
to TTR stabilized the tetramer and prevented its dissociation to
the alternatively folded monomer required for TTR fibril for-
mation. Mass spectrometry experiments also demonstrated that
holoRBP stabilized the TTR tetramer (33). In the presence of
bound holoRBP, the rate of TTR fibril formation was slowed and
the yield of fibril formation was decreased by up to 50% in the
case of L55P TTR (Fig. 5). This evidence suggested that
variability in the holoRBP concentration in plasma should
influence the course of senile systemic amyloidosis and familial
amyloid polyneuropathy, providing support for the multigenic
hypothesis. Because holoRBP levels in plasma are affected by

Table 2. Tabulation of 70 proteins that could impact the stoichiometry of the TTRs-holoRBP,—¢_2thyroxinem-o—2 quaternary structure

Function

Selected proteins

TTR regulation

Hepatocyte nuclear factor-3 (HNF-3a, HNF-38, HNF-3v); hepatocyte nuclear factor-6 (HNF-6)

Activating protein 1 (AP-1); C/EBP«, C/EBPB, C/EBPS

Thyroid hormone synthesis

Thyroglobin (Tg); thyroid peroxidase (TPO); Na* /I~ symporter (NIS)

Thyroid stimulating hormone (thyrotropin, TSH); TSH receptor
Thyrotropin-releasing hormone (TRH); TRH receptor

Thyroid asialoglycoprotein receptor; N-acetylglucosamine receptor
Transcription factors (TTF-1, TTF-2, Pax-8)

Chaperones (BiP, GRP94, Erp72, calnexin, GRP72, GRP170, ER60, calreticulin)
Proteases (cathepsin B, D, and L, lysosomal dipeptidase I)

Thyroid hormone degradation

Type |, Il, and Il 5’iodothyronine deiodinase

L-amino acid oxidase; thyroid hormone aminotransferase

Thyroid hormone binding proteins
RBP regulation

Thyroxine binding globulin (TBG); albumin; high-density lipoproteins (HDL)
Retinoic acid receptor (RARa, RARB, RARY); retinoid X receptor (RXRa, RXRB, RXRYy)

cAMP response element binding protein (CREBs); basal transcription factor TFIIB

Retinoid binding proteins

Cellular retinol-binding protein (CRBP, CRBP(II))

Cellular retinoic acid-binding protein (CRABP, CRABP(II))
Epididymal retinoic acid-binding protein (ERABP)
Interphotoreceptor retinol-binding protein (IRBP)
Cellular retinal-binding protein (CRALBP); B-lactoglobin

Retinoid synthesis and metabolism

B-carotene-15,15’-dioxygenase; short-chain alcohol dehydrogenases (SCAD)

Pancreatic non-specific lipase; retinyl palmitate hydrolase (RPH)
Acyl-CoA:retinol acyltransferase (ARAT); lecithin:retinol acyltransferase (LRAT)
Bile-salt-dependent retinyl ester hydrolase (BSDREH)

Bile-salt-independent retinyl ester hydrolase (BSIREH)

Intestinal cytosolic retinal reductase; intestinal microsomal retinal reductase

BIOPHYSICS

Retinol dehydrogenase (RoDH-1, RoDH-2); retinal dehydrogenase (RalDH-1, RalDH-2)

Proteins that regulate TTR expression and metabolism, RBP expression and metabolism, T4 synthesis and metabolism, and retinol metabolism directly impact
the amount of each compound available for complex formation. Other binding proteins for retinol and T4 affect the amount of each molecule available by
sequestering the molecules into different protein complexes or locations.
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retinol levels (34-37), enzymes that impact retinol metabolism
and transport would also affect TTR fibril formation.

We demonstrated that T4 dramatically inhibited TTR fibril
formation in the context of both the TTR-holoRBP complex and
the TTR tetramer (Fig. 6). Although T4 is a native ligand for
TTR, only 5-15% of the TTR binding capacity is typically used
in plasma as T4 is primarily bound to thyroid-binding globulin
(TBG). Therefore, genes controlling the biosynthesis, transport,
and degradation of T4 and genes encoding other T4 binding
proteins will affect plasma T4 concentrations. In fact, 15 single-
site variants of TBG are already known (38). Variations in
plasma T4 concentration will influence the T4 binding stoichi-
ometry to TTR, which strongly influenced TTR amyloidogenic-
ity as demonstrated within this article. The observation that
small molecule inhibitors acted synergistically with holoRBP to
inhibit L55P TTR fibril formation was not surprising (Fig. 6B).
It was surprising that even though the small molecule inhibitors
further reduced wild-type TTR amyloidogenicity in the context
of the TTR-holoRBP complex, the inhibitors were more effec-
tive in acting on wild-type TTR not bound to RBP (Fig. 64).
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We estimate that at least 70 genes (Table 2) are responsible for
controlling holoRBP and T4 binding stoichiometry to TTR
(38-47). Biophysical studies presented in this article demon-
strated that the stoichiometry of the TTR4holoRBP,—y o
thyroxinem -, complex markedly influenced TTR amyloidoge-
nicity in vitro, which may influence the course of senile systemic
amyloidosis and familial amyloid polyneuropathy in vivo and
explain the variations in clinical phenotypes. Having identified
the obvious modifier genes, there will undoubtedly be numerous
others that are now easier to identify given the emerging human
genome sequence and clinical information.
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